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INTRODUCTION 
Recent concern about the potential adverse effects of nitrous oxide 
(N2O) on atmospheric quality has stimulated research to assess the 
effects of nitrogen (N) fertilizers on emission of this gas from soils. 
Adel (1939) identified nitrous oxide as a normal constituent of the 
troposphere, and early studies (Adel, 1951; Arnold, 1954) indicated that 
soil was the principal source of N2O in the atmosphere. Nitrous oxide 
was not considered a significant air pollutant, however, until it was 
identified as the principal natural agent responsible for destruction of 
ozone produced photochemically in the stratosphere (Crutzen, 1970, 1972; 
Johnston, 1971). The suggestion that N2O plays a central role in the 
destruction of stratospheric ozone created international concern that 
the continuing increase in the use of N fertilizers to aid in food 
production may substantially increase the emission of N2O from soils to 
the atmosphere and thereby promote destruction of the stratospheric 
ozone layer protecting the Earth from biologically-harmful ultraviolet 
radiation from the sun (Council for Agricultural Science and Technology, 
1976; McElroy et al,, 1976, 1977; Sze and Rice, 1976; Crutzen and 
Ehhalt, 1977; Liu et al., 1977; National Research Council, 1978; 
Crutzen, 1981). The current concentration of ozone in the stratosphere 
is sufficient to prevent penetration of most, but not all, of the harm­
ful ultraviolet solar radiation (Crutzen and Ehhalt, 1977), and con­
tinued depletion of stratospheric ozone may cause greater incidence of 
skin cancer and threaten growth of higher plants and aquatic phyto-
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plankton (see Panofsky, 1980). 
There also is concern that fertilizer-derived N2O will contribute 
to the "greenhouse effect" expected to result from the continuing in­
crease in the atmospheric concentration of carbon dioxide (CO2) (Wang et 
al., 1976; Yung et al., 1976; Donner and Ramanathan, 1980; Lacis et al., 
1981). The current atmospheric concentration of N2O (ca. 320 ppb v/v) 
is only about 0,1% that of CO2, but because N2O is much more efficient 
than CO2 in trapping emergent infrared radiation, a 100% increase in the 
current atmospheric concentration of N2O is expected to lead to an in­
crease of 0.87°C in global surface temperatures (Wang and Sze, 1980). 
During the past 20 years, the tropospheric concentration of N2O has 
steadily increased at a rate of approximately 0.2% yr~^ (Weiss, 1981). 
This increase is attributed to the burning of fossil fuels and the use 
of N fertilizers in the Northern Hemisphere. It is generally agreed 
that combustion processes contribute about 1-2 MT N2O-N yr"^ to the 
atmosphere (Weiss and Craig, 1976; Crutzen and Ehhalt, 1977), but the 
effects of N fertilizers on N2O emissions are not well-understood and 
estimates of the fertilizer-derived contribution of N2O to the atmos­
phere range from less than 0.02 to more than 100 MT N2O-N yr~^ (Council 
for Agricultural Science and Technology, 1976; McElroy et al., 1976, 
1977; Crutzen and Ehhalt, 1977; Hahn and Junge, 1977; Conrad and Seiler, 
1980). The potential threats posed by the increasing atmospheric con­
centration of N2O and the projected rapid increase in use of N ferti­
lizers to aid in the production of an adequate world supply of food and 
fiber (Hardy and Havelka, 1975) have emphasized the need for research to 
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quantify the effects of N fertilizers on emission of N2O from soils to 
the atmosphere. 
Initial attempts to assess the effects of N fertilizers on N2O 
emissions from soils were based on estimates of denitrification of 
applied fertilizer N (Council for Agricultural Science and Technology, 
1976; Sze and Rice, 1976; Crutzen and Ehhalt, 1977; Liu et al., 1977; 
McElroy et al., 1977) because the production of N2O in soils was gen­
erally assumed to originate largely, if not entirely, through anaerobic 
reduction of nitrate by denitrifying microorganisms (e.g., Broadbent and 
Clark, 1965; Delwiche and Bryan, 1976; Sze and Rice, 1976). This as­
sumption was based on the observations that N2O is produced in soils as 
an obligate intermediate in anaerobic reduction of nitrate to elemental 
nitrogen (N2) by soil microorganisms and that N2O is evolved from soils 
during denitrification of nitrate by these organisms (Burford and 
Stefanson, 1973; John and Hollocher, 1977). It also has been observed 
that some denitrifiers lack the enzymes needed for reduction of N2O to 
N2 and that N2O is the principal product of their denitrifying activity 
in soils (Renner and Becker, 1970; Payne, 1981). 
Because both N2O and N2 are produced during denitrification, an 
accurate estimate of the ratio of N2O/N2 in the gaseous products of 
denitrification is critical for assessment of the fertilizer-derived 
contribution of N2O to the atmosphere by estimating the denitrification 
loss of applied N (Council for Agricultural Science and Technology, 
1976; Hahn and Junge, 1977). It is now generally agreed, however, that 
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it is very difficult, if not impossible, to obtain an accurate estimate 
of the ratio of N2O/N2 in the gaseous products of denitrification be­
cause the composition of the endproducts of denitrification is in­
fluenced by numerous soil factors, including soil pH, redox potential, 
and the concentrations of nitrate, nitrite, oxygen, and oxidizable 
carbon (Focht, 1974; Blackmer and Bremner, 1978, 1979; Firestone et al., 
1979, 1980; Terry and Tate, 1980; Letey et al., 1980a, 1980b, 1981; 
Betlach and Tiejde, 1981; Gaskell et al., 1981; Cho, 1982; Smith et al., 
1982). Efforts to accurately determine the ratio of N2O/N2 in the 
gaseous products of denitrification are further complicated by the fact 
that N2O in air can be reduced to N2 in soils under conditions favorable 
for denitrification (Blackmer and Bremner, 1976; Freney et al., 1978). 
The ability of denitrifying soil microorganisms to reduce atmospheric 
N2O suggests that soils can act as a sink as well as a source of atmos­
pheric N2O. Field studies, however, have not revealed extensive reduc­
tion of atmospheric N2O by soils and the data currently available indi­
cates that sink activity in soils does not significantly affect the 
global N2O budget (Ryden, 1981; Weiss, 1981). 
In addition to errors associated with estimating the amount of N2O 
evolved from soils during denitrification, recent work suggests that 
early studies which assessed the fertilizer-derived contribution of N2O 
to the atmosphere were based on the erroneous assumption that most of 
the N2O evolved from soils treated with N fertilizers originates largely 
via denitrification of the applied N under waterlogged conditions. 
During the past few years, laboratory studies have contributed signifi­
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cantly to our understanding of the mechanisms by which N2O is produced 
in soils and have indicated that N2O is produced in soils by several 
mechanisms. Production of N2O has been found to occur during dissimila-
tory nitrate reduction by non-denitrifying soil microorganisms (Smith 
and Zimmerman, 1981; Smith, 1982), during chemodenitrification of ni­
trite in soil (Bremner et al., 1980; Smith and Chalk, 1980a; 
Christianson and Cho, 1983; Ghoshal, 1983), and during oxidation of 
ammonium by soil microorganisms (Yoshida and Alexander, 1970; Ritchie 
and Nicholas,1972; Bremner and Blackmer,1978,1980; Blackmer et al., 
1980; Goreau et al., 1980; Smith and Chalk, 1980b; Lipschultz et al., 
1981). 
Several laboratory studies have demonstrated that waterlogged 
conditions are not needed for production of N2O in soils and that most 
of the emission of N2O from well-aerated soils fertilized with a nitri-
fiable form of N occurs during the oxidation of ammonium by nitrifying 
soil microorganisms (Bremner and Blackmer, 1978, 1979, 1980, 1981). The 
finding that waterlogged conditions are not needed for production of N2O 
in soils was an important contribution toward accurate assessment of the 
effects of N fertilizers on emissions of N2O from soils because most N 
fertilizers are applied to well-aerated, not waterlogged, soils. Field 
studies have confirmed that most of the N2O evolved from well-aerated 
soils treated with N fertilizer is produced during nitrification of the 
fertilizer N (Breitenbeck et al., 1980; Cochran et al., 1981; Seiler and 
Conrad, 1981; Conrad et al., 1983) and have shown that the fertilizer-
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induced emissions of N2O from well-aerated soils are usually greater 
than the corresponding emissions from flooded soils (Denmead et al., 
1979; Freney et al., 1981; Smith et al., 1981, 1982). 
Because most of the fertilizer-induced emission of N2O from well-
aerated soils has been found to occur during nitrification of the ap­
plied N, it seems likely that nitrifying soil microorganisms rather than 
denitrifying microorganisms are responsible for most of the fertilizer-
derived emission of N2O from soils to the atmosphere (Bremner and 
Blackmer, 1980). The mechanism by which N2O is produced after applica­
tion of fertilizer N to well-aerated soils, however, has not been 
clearly established and it has not been possible to determine the rela­
tive contributions of denitrification and other mechanisms of N2O pro­
duction in soils to the emission of N2O from soils to the atmosphere. 
Because of the uncertain role of the various mechanisms capable of N2O 
production in soils, it is now generally agreed that reliable estimates 
of fertilizer-derived N2O cannot be obtained by estimating denitrifi­
cation or nitrification rates or by N mass balance studies, and can be 
obtained only by direct measurement of N2O emissions from soils under 
field conditions. 
In the past few years, a number of field studies have been con­
ducted to obtain the data needed to accurately assess the effects of N 
fertilizers on emission of N2O from soils under a wide variety of 
natural and agricultural conditions. The reliability of the data ob­
tained in these studies is dependent upon both the accuracy of the 
method used for measurement of N2O emission rates from soil id the 
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effectiveness of the sampling strategy designed to minimize the effects 
of the high spatial and temporal variability characteristic of N2O 
emissions from soils under field conditions (Blackmer et al., 1982). 
Methods for measuring N2O emission rates involving the use of micro-
meteorological techniques have generally been found unsatisfactory 
(Hosier and Hutchinson, 1981), and most methods developed to measure the 
flux of N2O from soils employ sampling devices placed over the soil 
surface (Rolston et al., 1978; Denmead, 1979; Ryden et al., 1979; 
Matthias et al., 1980; Jury et al., 1982; Conrad et al., 1983). Of the 
latter methods, those which involve placing a sealed chamber over the 
soil surface for a short period of time and determining the rate of 
increase of the NgO concentration within the chamber have been the most 
extensively used because these techniques are sensitive, do not signifi­
cantly disturb the soil system being monitored, and permit rapid sam­
pling of the large number of replicates needed to minimize the effects 
of high spatial and temporal variability in the flux of N2O from soils 
(see Matthias et al., 1980). 
The development of sampling strategies which accurately assess 
emissions of N2O from soil under field conditions and the identification 
of the conditions which cause soils to act as a significant source or 
sink for atmospheric N2O require some knowledge of the factors respon­
sible for the marked spatial and temporal variability in emissions of 
N2O from soil. Several workers have attempted to identify these factors 
and have found that soil water and carbon content, temperature, soil 
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type, tillage system, rate and time of fertilizer application, and the 
form of N applied all have a marked influence on the rate of N2O emis­
sion from soil (Denmead et al., 1979; Freney et al,, 1979; Breitenbeck 
et al., 1980; Conrad and Seiler, 1980; McKenney et al., 1980a, 1980b; 
Burford et al., 1981; Smith et al., 1981; Hosier et al., 1982; Conrad et 
al., 1983; Ryden, 1983). Although these factors account for a portion 
of the variability in N2O emissions from soils, a model which incor­
porates them successfully to predict emissions of N2O from fertilized 
soils has not been developed, and long-term field studies involving 
repeated sampling of a large number of replicate sites selected to 
represent a range of soil conditions continue to be the most reliable 
means of obtaining accurate estimates of the fertilizer-derived contri­
bution of N2O to the atmosphere. Such field studies have generally 
shown that, although application of N fertilizers increases emission of 
N2O, the emission of N2O induced by fertilizer application represents a 
loss of less than 0.5%, and often less than 0.1%, of the N applied 
(McKenney et al., 1978, 1980a; Breitenbeck et al., 1980; Conrad and 
Seiler, 1980; Hosier and Hutchinson, 1981; Seiler and Conrad, 1981; 
Hosier et al., 1982; Conrad et al., 1983). Losses of this magnitude 
are of little agricultural significance, and are much less than the 5 to 
10% loss estimated in early attempts to assess the fertilizer-derived 
emission of N2O by estimating the rate of denitrification of applied N 
(Sze and Rice, 1976; Crutzen and Ehhalt, 1977; Hahn and Junge, 1977; 
McElroy et al., 1977). 
Several field studies have shown that some agricultural situations 
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can lead to exceptionally large emissions of N2O from soil to the atmos­
phere. For example, Duxbury et al. (1982) recorded emissions as large 
as 165 kg N2O-N yr~^ from drained organic soils in Florida, and Ryden 
and Lund (1980) reported that heavy application of N fertilizer to 
irrigated soils used for vegetable production led to emissions of N2O 
which represented losses of 5.0-15.2% of the N applied. Emissions from 
these soils were much greater than those generally reported, but it is 
unlikely that such soils contribute substantially to the global N2O 
budget because they represent a very small fraction of the Earth's sur­
face. Field studies conducted in Iowa (Bremner et al., 1981) showed 
that the fertilizer-induced emissions of N2O from soils fertilized with 
anhydrous ammonia represented losses of 4-7% of the N applied and were 
22-60 times greater than those observed in an earlier study (Breitenbeck 
et al., 1980) in which other commonly-used forms of fertilizer N were 
applied to similar Iowa soils. The finding that the emissions of N2O 
induced by fertilization of soils with anhydrous ammonia greatly exceed 
those induced by other forms of fertilizer N has considerable signifi­
cance in regard to efforts to assess the effects of N fertilizers on 
emission of N2O from soils to the atmosphere because nearly one-half of 
the fertilizer N applied to soils in the U.S. is applied as anhydrous 
ammonia (Hargett and Berry, 1983). 
This thesis reports the results of field and laboratory studies of 
emission of N2O from soils fertilized with anhydrous ammonia. Part I 
reports the results of field studies to confirm that the N2O emissions 
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induced by fertilization of soils with anhydrous ammonia markedly exceed 
those induced by application of other forms of fertilizer N. It also 
reports the results of laboratory studies to determine if the exception­
ally large emissions of N2O induced by the application of anhydrous 
ammonia are due, at least in part, to the high ammonium-N concentration 
in the highly alkaline fertilizer band that results from application of 
anhydrous ammonia. Part II reports the results of field experiments to 
determine the effects of different rates of anhydrous ammonia applica­
tion (75-450 kg N ha~^) on emission of N2O from soil and to determine if 
the depth at which anhydrous ammonia is injected into soil has a signif­
icant effect on the emission of N2O induced by application of this 
popular and inexpensive form of fertilizer N. Part III reports the 
results of field experiments designed to assess the potential value of a 
nitrification inhibitor (nitrapyrin) for reduction of the N2O emissions 
from soils fertilized with anhydrous ammonia. 
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PART I. COMPARISON OF EFFECTS OF ANHYDROUS AMMONIA, AQUEOUS AMMONIA, 
UREA, AND CALCIUM NITRATE ON EMISSION OF NITROUS OXIDE FROM 
SOILS 
12 
INTRODUCTION 
There is concern that nitrogen (N) fertilization of soils to in­
crease crop production may adversely affect our climate by causing a 
significant increase in the atmospheric concentration of nitrous oxide 
(N2O) (Council for Agricultural Science and Technology, 1976; Yung et 
al., 1976; Crutzen and Ehhalt, 1977; Liu et al., 1977; McElroy et al., 
1977; National Research Council, 1978). This concern has stimulated re­
search to assess the effects of different forms and amounts of fertili­
zer N on emission of N2O from soils. 
Two recent field studies at Iowa State University have indicated 
that the form of fertilizer N applied has a marked influence on the 
amount of N2O evolved from soils following N fertilization. One study 
compared the effects of ammonium sulfate, urea, and calcium nitrate 
applied at two rates (125 and 250 kg N ha~^) on emission of N2O from a 
Harps soil (Breitenbeck et al., 1980). The other determined the effect 
of anhydrous ammonia applied at the rate of 250 kg N ha~^ on emission of 
N2O from three Iowa soils (Bremner et al., 1981). The results of these 
studies indicated that the emissions of N2O induced by fertilization of 
soils with anhydrous ammonia markedly exceed those induced by other N 
fertilizers, but the evidence for this conclusion was not entirely 
satisfactory because the field experiments with anhydrous ammonia were 
not performed on the same soil, or in the same year, as the experiments 
with the other N fertilizers studied. 
In this chapter, I report the results of field studies to compare 
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the effects of anhydrous ammonia, aqueous ammonia, and urea on emission 
of N2O from two typic Haplaquolls and the effects of anhydrous ammonia, 
aqueous ammonia, urea, and calcium nitrate on emission of N2O from a 
typic Calciaquoll. In these studies, the fertilizers were applied at 
the same rate (180 kg N ha~^) and at the same time. I also report the 
results of laboratory studies to determine if the exceptionally large 
emissions of N2O induced by fertilization of soils with anhydrous am­
monia are related to the fact that the customary method of applying this 
fertilizer produces alkaline soil zones of high ammonium-N concentration 
that do not occur when urea or aqueous ammonia fertilizers are broadcast 
and incorporated into soil. 
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MATERIALS AND METHODS 
The experiments reported were performed on a field at the Iowa 
State University Agronomy Research Center 10 km southwest of Ames. This 
field contained three types of soils representative of the Webster, 
Canisteo, and Harps series used extensively for corn and soybean produc­
tion in north-central Iowa. 
Table 1 shows the results of analyses of composite samples of 
surface (0-15 cm) soil collected at 12 sites within each of the three 
experimental areas. These analyses were performed as described by 
Bremner et al. (1981). When the soils in the three experimental areas 
were wetted to field capacity as described by Peters (1965), their 
moisture contents, expressed as a percentage of oven-dry soil weight, 
were; Webster, 28%; Canisteo, 26%; Harps, 35%. 
Table 1. Analyses of soils 
Soil 
Series Subgroup pH 
Webster Typic Haplaquolls 6.9 
Canisteo Typic Haplaquolls 7.7 
Harps Typic Calciaquolls 7.9 
CaCOg 
equiv- Organic 
aient carbon Sand Clay 
% 
0 2.7 32 28 
1.1 2.5 40 22 
9.8 4.6 15 38 
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To compare the effects of anhydrous ammonia, aqueous ammonia, and 
urea on emission of N2O» each of these fertilizers were applied on 3 
June 1980 at the rate of 180 kg N ha~^ to six small (50 cm diameter) 
plots in each of three study areas and N2O emissions were subsequently 
monitored from these fertilized plots and from six unfertilized plots 
randomly located within each study area. Calcium nitrate was also 
applied at the rate of 180 kg N ha~^ to six plots located within the 
area of Harps soil and emissions from these plots were also monitored. 
Each treatment was replicated six times to minimize the effect of spa­
tial variability (Blackmer et al., 1982) on assessment of N2O emissions 
from soils. Anhydrous ammonia was applied by injecting this fertilizer 
at a depth of 20 cm into the center of the experimental plots. The 
injection system employed has been described (Bremner et al., 1981). It 
was designed to eliminate the uncertainties associated with the use of 
tractor-drawn applicators for injection of anhydrous ammonia. The other 
N fertilizers employed were applied as freshly prepared aqueous solu­
tions (ca. 0.1 kg N L~^) which were sprayed evenly over the experimental 
plots, and the plots were rototilled to a depth of 20 cm to incorporate 
these fertilizers shortly after they were applied. 
The rates of N2O emission from the experimental plots were measured 
by the chamber technique described by Matthias et al. (1980) using a 
chamber 50 cm in diameter. Measurements of these rates were performed 
at 3- to 7-day intervals during the 140-day study period. The order in 
which the plots were sampled was randomized on each sampling date, and 
the sampling program was designed so that fertilized and corresponding 
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unfertilized plots were sampled at approximately the same time (usually 
between 0900 and 1200) on these dates. The total amount of N2O-N 
evolved from each plot in a given time period was calculated from the 
area of the polygon obtained by plotting the N2O emission rates observed 
at various times during this period. 
Soil temperature and moisture content were monitored during the 
140-day study period. Soil temperature was measured at a depth of 5 cm 
below the soil surface by a mercury thermometer. Soil moisture content 
was determined by gravimetric determination of weight loss when soil 
samples collected 7.5-12.5 cm below the soil surface were dried at 105°C 
for 24 hours. It is expressed as a percentage by weight of oven-dry 
soil. 
In addition to the field studies described, a laboratory study was 
conducted to determine the effects of different amounts of NH^OH on 
emission of N2O from Webster soil collected from the area used for the 
field experiments. In this study, samples of field-moist soil contain­
ing 30 g of oven-dry material were placed in 1.2 L glass flasks fitted 
with standard taper (34/35) ground-glass joints and treated with 2 mL of 
water or 2 mL of water containing 3, 15, or 30 mg N as NH^OH (100, 500, 
or 1000 rag N kg~^ soil). When expressed as a percentage of oven-dry 
soil weight, the soil water content after each treatment was 28%. The 
flasks were sealed with glass stoppers fitted with a standard taper 
(34/35) ground-glass joint and glass stopcock and placed in an incubator 
at 30°C, The atmospheres within the flasks were sampled at 2- to 7-day 
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intervals for determination of N2O by the GC-ultrasonic detector method 
described by Blackmer and Bremner (1977), and they were renewed after 
each sampling by flushing the flasks for several minutes with a stream 
of air. All experiments in this study were performed in triplicate. 
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RESULTS AND DISCUSSION 
Figure 1 and Table 2 show that, with all three soils studied, 
application of 180 kg fertilizer N ha~^ as anhydrous ammonia led to a 
much greater increase in emission of N2O than did application of the 
same amount of fertilizer N as urea or aqueous ammonia. On the average, 
the N2O emission induced by anhydrous ammonia was 16-18 times that 
induced by urea or aqueous ammonia. 
Table 2 shows that the emissions of N2O-N in 140 days from plots 
fertilized with anhydrous ammonia ranged from 1.92 to 4.40 kg ha~^ 
(average, 2.83 kg ha~^), whereas the corresponding emissions from unfer­
tilized plots ranged from 0.38 to 0.65 kg ha~^. The fertilizer-induced 
emissions of N^O-N in 140 days from plots receiving anhydrous ammonia 
represented losses of 0.86-2.08% of the anhydrous ammonia N applied. 
These losses are smaller than those observed in a previous field study 
in which the fertilizer-induced emissions of N2O-N from soils containing 
substantial amounts of soybean residues represented 4.0-6.8% of the 
anhydrous ammonia N applied (Bremner et al., 1981), but they are similar 
to the losses observed in the field studies reported in Chapters II and 
III. 
The results of the field studies reported in Table 2 and of pre­
vious field studies (Breitenbeck et al., 1980) show that the fertilizer-
induced emissions of N2O-N from Iowa soils fertilized with ammonium sul­
fate, urea or aqueous ammonia did not account for more than 0.2%, and 
usually accounted for less than 0.1%, of the fertilizer N applied, 
Figure 1. Results of measurements of N2O emission rate, soil moisture 
content, soil temperature, and rainfall during the period 3 
June-IQ October 1980. Fertilizer N was applied on 3 June (180 
kg ha~ ). Each emission rate reported represents the mean 
rate for six replicated plots. 
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Table 2. Effects of different N fertilizers on emission of N2O from 
soils 
Amount of N2O-N evolved (kg ha"^)^ 
Ferti-
lizer In 16 In 30 In 46 In 64 In 105 In 140 
Soil applied^ days days days days days^ days^ 
Canisteo AA 0.18 1.10 3.20 4.01 4,27(2,08) 4,40(2.08) 
AQ 0.08 0.18 0.35 0.54 0,74(0,12) 0.86(0.12) 
U 0.14 0.23 0,37 0.44 0,65(0,07) 0.77(0.07) 
None 0.04 0.09 0,21 0.32 0,53 0.65 
Harps AA 0.20 0.07 1,25 1.54 1,78(0,86) 1.92(0.86) 
AQ 0.07 0.09 0.17 0.20 0.31(0.04) 0,45(0.04) 
U 0.21 0.22 0.29 0.33 0.43(0.11) 0.57(0.11) 
CN 0.04 0.06 0,13 0.20 0.30(0.03) 0.44(0.06) 
None 0.05 0.06 0,12 0.17 0.24 0.38 
Webster AA 0.35 0.99 1.63 1.76 2.06(0.92) 2.17(0.93) 
AQ 0.06 0.15 0.31 0.39 0.52(0.06) 0.62(0.06) 
U 0.06 0.17 0.30 0.38 0.54(0.07) 0.64(0.07) 
None 0.05 0.11 0.21 0,26 0.41 0.51 
Average AA 0.24 0.93 2.03 2,44 2.70(1.28) 2.83(1.33) 
AQ 0.07 0.14 0.28 0,38 0.52(0.07) 0.64(0.07) 
U 0.13 0.21 0.25 0,38 0.54(0.08) 0.66(0.08) 
None 0.05 0.09 0.12 0,25 0,39 0.51 
^Each value reported represents the mean value for six replicated 
plots, 
^AA, anhydrous ammonia; AQ, aqueous ammonia; U, urea; CN, calcium 
nitrate. Fertilizers were applied on 3 June 1980 at the rate of 180 kg 
N ha-1. 
^Figures in parentheses indicate the fertilizer-induced emission of 
N2O-N calculated as a percentage of the N applied. These values were 
calculated as [(amount of N2O-N evolved from fertilized soil - amount 
evolved from unfertilized soil)/amount of fertilizer N added] x 100. 
22 
whereas the fertilizer-induced emissions of N2O-N from Iowa soils ferti­
lized with anhydrous ammonia usually accounted for 1-2% of the N 
applied. 
Table 2 shows that the N2O emissions in 140 days from plots ferti­
lized with aqueous ammonia (average, 0.64 kg N2O-N ha~^) were similar to 
those from plots fertilized with urea (average, 0,66 kg N2O-N ha~^). 
The emissions of N2O-N induced by application of aqueous ammonia or urea 
represented 0.04-0.12% of the N applied and were similar to those ob­
served in field studies of the effects of urea, ammonium sulfate, ammon­
ium chloride, or ammonium nitrate on emission of N2O from soils 
(McKenney et al., 1978, 1980a, 1980b; Breitenbeck et al., 1980; Conrad 
and Seiler, 1980; Conrad et al., 1983). 
Table 2 also shows that the emission of N2O-N in 140 days from 
Harps soil fertilized with calcium nitrate (0,44 kg ha~^) was only 0.06 
kg ha~^ greater than the corresponding emission from the unfertilized 
soil (0,38 kg ha~^). This finding confirms the results of a previous 
field study (Breitenbeck et al,, 1980) which showed that the emission of 
N2O from Harps soil fertilized with calcium nitrate was not appreciably 
greater than the emission observed when no fertilizer was applied, and 
it supports the conclusion (Bremner and Blackmer, 1980) that most of the 
N2O evolved from well-aerated soils treated with nitrifiable forms of 
fertilizer N is generated during nitrification of the N in these mater­
ials and that very little of this gas is produced by denitrification of 
the nitrate formed by nitrification of these fertilizers. 
As noted previously, anhydrous ammonia fertilizer is applied to 
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soil by an injection technique that leads to formation of highly alka­
line fertilizer bands in which the concentration of ammonium N fre­
quently exceeds 500 mg N kg~^ soil (Whitehouse and Leslie, 1973; Chalk 
et al., 1975; Hogg and Henry, 1982), whereas most other forms of N 
fertilizers are broadcast onto the soil surface and incorporated by 
tillage. To test the possibility that the exceptionally large emissions 
of N2O induced by application of anhydrous ammonia are related to the 
method by which this popular form of fertilizer N is customarily applied 
Table 3. Effect of different amounts of NH^OH on emission of N2O from 
Webster soil 
Amount of N2O-N evolved (mg N kg~^ soil) 
Amount of 
NH4OH added In 7 In 14 In 28 In 45 In 68 In 126 
(rag N kg"l)8 days days days days days days° 
0 0.06 0.08 0.09 0.17 0.17 0.22 
100 0.24 0.26 0.28 0.37 0.37 0.40 (0.18) 
500 2.84 4.74 5.43 5.73 5.84 6.00 (1.15) 
1000 2.65 4.56 8.25 10.5 11.5 12.1 (1.19) 
^Samples of field-moist soil containing 30 g of oven-dry material 
were incubated at 30°C after treatment with 2 mL HyO or 2 mL HyO con­
taining 3, 15, or 30 mg N as NH^OH. 
^Figures in parentheses indicate the fertilizer-induced emission of 
N2O-N calculated as a percentage of the N applied. These values were 
calculated as [(amount of N2O-N evolved from fertilized soil - amount 
evolved from unfertilized soil)/amount of fertilizer N added] x 100. 
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to agricultural soils, I conducted a laboratory study to determine the 
effects of different amounts of NH4OH on emission of N2O from Webster 
soil. The data obtained (Table 3) showed that the emission of N2O-N in 
126 days from soil treated with 100 mg NH^OH-N kg~^ represented only 
0.18% of the N applied and was similar in this respect to that observed 
in 140 days from plots receiving 180 kg N ha~^ as aqueous ammonia or 
urea in the field studies reported in Table 2 (0.04-0.12% of the N 
applied). Calculations from the data in Table 3 show that the 
fertilizer-induced emissions of N2O-N in 126 days from soil receiving 
500 and 1000 mg NH^OH-N kg~^ were 5.78 and 11.9 mg kg~^, respectively. 
These emissions represented 1.15-1.19% of the N applied and were more 
than six times those induced by application of 100 rag NH^OH-N kg~^. 
Comparison of the data in Fig. 1 and Tables 2 and 3 show that both the 
magnitude and the pattern of the N2O emissions from soils receiving 500 
and 1000 mg NH^OH-N kg~^ were similar to those of the N2O emissions from 
field plots fertilized with 180 kg anhydrous ammonia-N ha~^. This 
supports the conclusion that the emissions of N2O induced by application 
of anhydrous ammonia exceed those induced by application of other com­
monly used N fertilizers because the customary method of applying anhy­
drous ammonia produces highly alkaline soil zones of high ammonium-N 
concentration. 
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SUMMARY 
Field studies of the effects of different N fertilizers on emission 
of N2O from three Iowa soils showed that the N2O emissions induced by 
application of 180 kg ha~^ of fertilizer N as anhydrous ammonia greatly 
exceeded those induced by application of the same amount of fertilizer N 
as aqueous ammonia or urea. On the average, the emission of N2O-N 
induced by anhydrous ammonia was more than 13 times that induced by 
aqueous ammonia or urea and represented 1.2% of the anhydrous ammonia N 
applied. Experiments with one soil showed that the N2O emission induced 
by anhydrous ammonia was more than 17 times that induced by the same 
amount of N as calcium nitrate. These findings confirm indications 
from previous work that anhydrous ammonia has a much greater effect on 
emission of N2O from soils than do other commonly used N fertilizers and 
merits special attention in research relating to the potential adverse 
climatic effect of N fertilization of soils. 
Laboratory studies of the effect of different amounts of NH^OH on 
emission of N2O from Webster soil showed that the emission of N2O-N 
induced by addition of 100 mg NH^OH-N kg~^ represented only 0.18% of the 
N applied, whereas the emissions induced by additions of 500 and 1000 mg 
NH^OH-N kg"l represented 1.15% and 1.19%, respectively, of the N ap­
plied. This suggests that the exceptionally large emissions of N2O 
induced by anhydrous ammonia fertilization are due, at least in part, to 
the fact that the customary method of applying this fertilizer by injec­
tion into soil produces highly alkaline soil zones of high ammonium-N 
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concentration that do not occur when urea or aqueous ammonia fertilizers 
are broadcast and incorporated into soil. 
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PART II. EFFECTS OF RATE AND DEPTH OF FERTILIZER APPLICATION ON EMIS­
SION OF NITROUS OXIDE FROM SOIL FERTILIZED WITH ANHYDROUS 
AMMONIA 
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INTRODUCTION 
There is concern that nitrogen (N) fertilization of soils may lead 
to a significant increase in the tropospheric concentration of nitrous 
oxide (N2O) and thereby cause partial destruction of the stratospheric 
ozone layer and add to the greenhouse effect expected to result from the 
continuing increase in the atmospheric concentration of carbon dioxide 
(see Council of Agricultural Science and Technology, 1976; Yung et al., 
1976; Crutzen and Ehhalt, 1977; Liu et al., 1977; McElroy et al., 1977; 
National Research Council, 1978). This concern has stimulated research 
to assess the effects of N fertilizers on emissions of N2O from soils to 
the atmosphere, and recent work has shown that the emission of N2O-N in­
duced by fertilization of soil with anhydrous ammonia markedly exceeds 
that induced by application of other N fertilizers (Breitenbeck et al,, 
1980; Bremner et al., 1981). This finding and the fact that anhydrous 
ammonia is used extensively for nitrogen fertilization of soil indicate 
that the effect of anhydrous ammonia on emission of N2O from soil merits 
special attention in research to assess the impact of N fertilization of 
soil on the atmospheric concentration of N2O, 
The purpose of the work reported here was to compare the effects of 
different rates of anhydrous ammonia application (75-450 kg N ha~^) on 
emission of N2O from soil and to determine if the depth at which anhy­
drous ammonia is injected into soil has a significant effect on the 
emission of N2O induced by application of this popular form of ferti­
lizer N, 
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MATERIALS AND METHODS 
The field studies reported were performed on a field at the Iowa 
State University Agronomy Research Center 10 km southwest of Ames. 
Before use in the spring and summer of 1979 for the work described, this 
field was used for corn production. It was planted to corn on 7 May 
1978, the corn crop was harvested on 22 September, and the crop residues 
were harrowed into the soil on 18 Octobet. The soil in this field was a 
typic Haplaquoll representative of the Webster series used extensively 
for corn and soybean production in north-central Iowa. A composite 
sample of surface (0-30 cm) soil collected at 12 sites within the field 
had a pH of 6.9 and contained 31% sand, 29% clay, 3.8% organic carbon, 8 
mg ammonium N kg~^ and 12 mg nitrate N kg~^. These analyses were 
performed as described by Bremner et al. (1981). 
To study the effects of different rates of anhydrous ammonia ferti­
lization on emission of N2O from fallow field soil, anhydrous ammonia 
was injected at a depth of 20 cm at six rates (75, 150, 225, 300, 375, 
and 450 kg N ha~^) into the center of small (50 cm diameter) plots. 
Each fertilizer treatment was replicated seven times, and the rates of 
N2O emission from the fertilized plots and from seven unfertilized plots 
randomly located within the study area were monitored for 116 days. At 
the time of fertilizer application (3 July 1979), the soil water poten­
tial at a soil depth of 20 cm was -33 kPa. 
To study the effect of depth of anhydrous ammonia application on 
emission of N2O from soil, anhydrous ammonia was injected at the rate of 
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112 or 225 kg N ha~^ at a soil depth of 10, 20, or 30 cm into the center 
of plots 50 cm in diameter. Each fertilizer treatment was replicated 
six times and emissions of N2O were monitored for 156 days. At the time 
of fertilizer application (16 May 1979), the soil water potentials at 
depths of 10, 20, and 30 cm were -30, -30, and -50 kPa, respectively. 
Anhydrous ammonia was injected into soil as described by Bremner et 
al. (1981). The rates of N2O emission from the experimental plots were 
measured by the chamber technique described by Matthias et al. (1980) 
using chambers 50 cm in diameter. A chamber of this diameter was used 
because preliminary studies showed that injection of anhydrous ammonia 
into the center of plots 50 cm in diameter provided a distribution of N 
similar to that obtained by the customary band application of this 
fertilizer by use of a tractor-drawn applicator. 
Measurement of the rates of N2O emission from the experimental 
plots were performed at 3- to 7-day intervals, and the order in which 
the plots were sampled was randomized on each sampling date. The sampl­
ing program was designed so that fertilized and corresponding unferti­
lized plots were sampled at approximately the same time (usually between 
0900 and 1200 hours) on these dates. The total amount of N2O-N evolved 
from each plot in a given time period was calculated from the area of 
the polygon obtained by plotting N2O emission rates against the dates on 
which these rates were observed. 
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RESULTS AND DISCUSSION 
Table 4 shows that the emission of N2O induced by fertilization of 
soil with anhydrous ammonia increased as the rate of anhydrous ammonia 
application increased. The average fertilizer-induced emission of N2O-N 
in 116 days from the fallow field plots receiving the highest rate of 
anhydrous ammonia fertilization (450 kg N ha~^) was 2.87 kg N2O-N ha~^ 
greater than the corresponding emission from the plots receiving the 
lowest rate (75 kg N ha~^). Table 4 shows that, when expressed as 
a percentage of the N applied, the fertilizer-induced emission of N2O-N 
in 116 days decreased from 1.6 to 0.9% as the rate of anhydrous ammonia 
application increased from 75 to 450 kg N ha~^. 
Figure 2 shows that there was a slightly curvilinear relationship 
between the rate of anhydrous ammonia application and the fertilizer-
induced emission of N2O-N. Positive correlations between the rate of 
fertilizer application and the emission of N2O have been observed in 
studies to assess the effects of different amounts of NH^Cl (Conrad et 
al., 1983) and NH^NOg (McKenney et al., 1978, 1980a) on emission of N2O 
from soils. However, whereas McKenney et al. (1978, 1980a) found that 
the percentage of fertilizer N evolved as N2O increased in response to 
increased rate of NH^NOy application, the data in Fig. 2 and Table 4 
show that the percentage of fertilizer N evolved as N2O decreased in 
response to increased rate of anhydrous ammonia application. Calcula­
tions using the regression equation presented in Fig. 2 show that a 100% 
increase in the rate of anhydrous ammonia application caused only a 60% 
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Table 4. Effects of different rates of anhydrous ammonia fertilization 
on emission of N2O from soil 
Rate of Amount of N2O-N evolved (kg ha~^)^ 
fertilizer N 
application In 14 In 29 In 42 In 56 In 72 In 116 
(kg ha"l)b days days days days days^ days^ 
0 0.06 0.24 0.33 0.41 0.72 0.45 
75 0.32 1.11 1.43 1.59 1.65(1.6) 1.67(1.6) 
150 0.41 2.12 2.34 2.43 2.52(1.4) 2.58(1.4) 
225 0.51 1.77 2.53 2.94 3.12(1.2) 3.17(1.2) 
300 0.68 2.45 3.10 3.53 3.70(1.1) 3.75(1.1) 
375 0.57 2.18 3.14 3.81 4.12(1.0) 4.26(1.0) 
450 0.62 2.66 3.64 4.24 4.45(0.9) 4.54(0.9) 
®Each value reported represents the mean value for seven replicated 
plots. 
^Fertilizer was applied on 3 July 1979. 
'"Figures in parentheses indicate the fertilizer-induced emission of 
N2O-N calculated as a percentage of the N applied. These values were 
calculated as [(amount of NoO-N evolved from fertilized soil - amount 
evolved from unfertilized soil)/amount of fertilizer N added] x 100. 
Figure 2. Relationship between the fertilizer-induced emission of N^O-N 
(Y) and the rate of anhydrous ammonia application (X). Each 
data point represents the average fertilizer-induced emission 
of N2O-N in 116 days from seven replicated plots. 
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increase in the fertilizer-induced emission of N2O-N. Table 4 shows 
that, although the rate of anhydrous ammonia fertilization had a marked 
effect on the fertilizer-induced emission of N2O, it did not signifi­
cantly influence the pattern of N2O emission during the 116-day study. 
Calculations from the data presented in Table 4 show that 76-80% of the 
fertilizer-induced emission of N2O from plots receiving anhydrous am­
monia occurred during a period 14-56 days after fertilization. The 
maximum rates of N2O emission from fertilized plots during the 116-day 
study were observed on the 24th day after anhydrous ammonia application, 
and on that day emission rates as high as 838 g N2O-N ha~^ day~^ were 
observed from plots receiving the highest rate of fertilization (450 kg 
N ha"l). By the 72nd day after fertilization, emissions of N2O from the 
fertilized plots were nearly identical to those from the corresponding 
unfertilized plots. Analyses performed on soil samples taken at that 
time showed that, whereas the ammonium concentration at the point of 
anhydrous ammonia injection into the soil was similar to the ammonium 
concentration at the same depth in the unfertilized soil, the nitrate 
concentration at that depth was much greater in the fertilized plots 
than in the unfertilized plots. It is noteworthy that although nitrate 
concentrations were higher in the fertilized plots than in the unferti­
lized plots and soil temperatures (>15°C) were adequate for denitrifica-
tion of nitrate by soil microorganisms, emissions of N2O from fertilized 
plots were similar to those from unfertilized plots during several 
periods of rainfall that occurred in the remaining 44 days of this 
study. This supports the conclusion from a previous field study 
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Table 5. Effects of rate and depth of anhydrous ammonia application 
on emission of N2O from soil 
Fertilizer 
application® Amount of N2O-N evolved (kg ha 1) b 
Rate 
(kg N ha"l) 
Depth 
(cm) 
In 15 
days 
In 28 
days 
In 45 
days 
In 64 
days 
In 120 
days^ 
In 156 
days'" 
0 0.01 0.03 0.08 0.25 0.70 0.71 
112 10 0.05 0.24 0.58 0.93 1.49(0.7) 1.52(0.7) 
112 20 0.06 0.43 0.86 1.50 2.07(1.2) 2.10(1.2) 
112 30 0.05 0.37 0.82 1.40 2.37(1.5) 2.39(1.5) 
225 10 0.08 0.42 1.11 1.91 2.79(0.9) 2.82(0.9) 
225 20 0.07 0.42 1.28 2.22 3.22(1.1) 3.25(1.1) 
225 30 0.09 0.63 1.46 2.46 3.40(1.2) 3.44(1.2) 
^Fertilizer was applied on 16 May 1979, 
^Each value reported represents the mean value for six replicated 
plots. 
^Figures in parentheses indicate the fertilizer-induced emission of 
N2O-N calculated as a percentage of the N applied. These values were 
calculated as [(amount of N2O-N evolved from fertilized soil - amount 
evolved from unfertilized soil)/amount of fertilizer N added] x 100. 
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(Breitenbeck et al,, 1980) that most of the N2O evolved from well-
aerated soils treated with nitrifiable forms of fertilizer N is gener­
ated during nitrification of the N in these materials and that very 
little of this gas is produced by denitrification of the nitrate formed 
by nitrification of these fertilizers. 
Table 5 shows the results of experiments to determine the effect of 
depth of fertilizer placement on emission of N2O from fallow field plots 
fertilized with 112 or 225 kg anhydrous ammonia N ha~^. The emission of 
N2O in 156 days induced by injecting 112 kg anhydrous ammonia N ha~^ at 
a depth of 30 cm was 107% greater than that induced by injection of the 
same amount of anhydrous ammonia at a depth of 10 cm and was 21% greater 
than those induced by injection of the same amount of anhydrous ammonia 
at a depth of 20 cm (the depth generally recommended for anhydrous 
ammonia application in Iowa), The data in Table 5 show that the effect 
of depth of anhydrous ammonia application on N2O emission was not as 
marked when anhydrous ammonia was applied at a rate of 225 kg N ha~^. 
Calculations from the data in Table 5 show that the average 
fertilizer-induced emission of N2O-N in 156 days from plots receiving 
225 kg N ha~^ injected at a depth of 20 cm was only 1.8 times the corre­
sponding emission from plots receiving 112 kg N ha~^ injected at the 
same depth. This supports the conclusion from the data reported in 
Table 4 that a 100% increase in the rate of anhydrous ammonia appli­
cation led to a less than 100% increase in the amount of N2O evolved 
from fertilized soil. 
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It should be noted that the experimental plots used for the work 
reported in Table 4 were fertilized with anhydrous ammonia on 3 July 
1979, whereas the plots used for the work reported in Table 5 were 
fertilized 16 May 1979. Comparison of the data in Tables 4 and 5 shows 
that, although the summer application of anhydrous ammonia led to a 
greater evolution of N2O during the first 14 days after application than 
did the spring application, the pattern and the magnitude of the N2O 
emissions in 156 days from plots fertilized on 16 May 1979 were not 
significantly different from those of the N2O emissions in 116 days from 
plots receiving an equivalent amount of N on 3 July 1979. This suggests 
that the emission of N2O induced by spring application of anhydrous 
ammonia is not substantially different from that induced by application 
of the same amount of this fertilizer as a sidedressing later in the 
growing season. However, Part III of this thesis reports experiments 
showing that the emission of N2O-N induced by fall application (9 Octo­
ber 1979) of anhydrous ammonia was three times larger than that induced 
by spring application (15 April 1980) of the same amount of this 
fertilizer. 
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SUMMARY 
Field studies to determine the effect of different rates of ferti­
lization on emission of N2O from a fallow soil fertilized with anhydrous 
ammonia showed that the fertilizer-induced emission of N2O-N in 116 days 
increased from 1,22 to 4,09 kg N2O-N ha"^ as the rate of anhydrous 
ammonia application increased from 75 to 450 kg N ha"^. When expressed 
as a percentage of the N applied, the fertilizer-induced emission of 
N2O-N in 116 days decreased from 1,6% to 0,9% as the rate of fertilizer 
application increased from 75 to 450 kg N ha~^. The data reported show 
that a 100% increase in the rate of anhydrous ammonia application led to 
a 60% increase in the fertilizer-induced emission of N2O. 
Field studies to determine the effect of depth of anhydrous ammonia 
application on emission of N2O from a fallow soil showed that the emis­
sion of N2O-N in 156 days induced by injection of 112 kg anhydrous 
ammonia N ha~^ at a depth of 30 cm was 107% and 21% greater than those 
induced by injection of the same amount of N at depths of 10 cm and 20 
cm, respectively. The effect of depth of anhydrous ammonia application 
on emission of N2O was not as marked when this fertilizer was applied at 
a rate of 225 kg N ha~^. 
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PART III. EFFECT OF NITRAPYRIN ON EMISSION OF NITROUS OXIDE FROM SOIL 
FERTILIZED WITH ANHYDROUS AMMONIA 
41 
INTRODUCTION 
There is concern that nitrogen (N) fertilization of soils may lead 
to a significant increase in the tropospheric concentration of nitrous 
oxide (N2O) and thereby cause partial destruction of the stratospheric 
ozone layer (Council for Agricultural Science and Technology, 1976; 
Crutzen and Ehhalt, 1977) and add to the greenhouse effect expected to 
result from the continuing increase in the atmospheric concentration of 
carbon dioxide (Yung et al,, 1976). This concern has stimulated re­
search to assess the effects of different N fertilizers on emission of 
N2O from soils, and recent work has shown that the N2O emissions induced 
by fertilization of soils with anhydrous ammonia markedly exceed those 
induced by application of other N fertilizers (Breitenbeck et al., 1980; 
Bremner et al., 1981). This finding and the fact that anhydrous ammonia 
is used extensively for N fertilization of soils prompted the work 
reported here, which was designed to assess the potential value of 
nitrapyrin [2-chloro-6-(trichloromethyl)-pyridine] for reduction of N2O 
emissions from soils fertilized with anhydrous ammonia. Nitrapyrin is 
marketed by Dow Chemical Company, Midland, Michigan under the trademark 
of N-Serve and is registered for use as a fertilizer amendment for 
inhibition of nitrification in soils. Its potential value for reduction 
of N2O emissions from soils fertilized with anhydrous ammonia was stud­
ied because recent laboratory work has shown that, besides inhibiting 
oxidation of ammonium to nitrate by soil microorganisms (see Goring, 
1962a, 1962b), it greatly reduces emission of N2O from soils treated 
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with ammonium sulfate or urea (Bremner and Blackmer, 1978) and stops 
production of N2O by the ammonia-oxidizing cheraoautotrophic microorgan­
isms believed to be responsible for oxidation of ammonium to nitrate in 
soils (Blackmer et al., 1980). 
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MATERIALS AND METHODS 
The experiments reported were performed on a field at the Iowa 
State University Agronomy Research Center 10 km southwest of Ames. 
Before use in October 1979 for the work described, this field had been 
used for corn production. It was planted to corn on 1 May 1979, the 
corn crop was harvested on 15 September, and the crop residues were 
harrowed into the soil on 30 September. The soil in the field was 
representative of the Webster series, a typic Haplaquoll used exten­
sively for corn and soybean production in north-central Iowa. A compos­
ite sample of surface (0-15 cm) soil collected at 12 sites within the 
field had a pH of 6.8 and contained 31% sand, 29% clay, 3.7% organic 
carbon, 6 mg ammonium N kg~^ and 18 mg nitrate N kg~^. 
To study the effect of nitrapyrin on emission of N2O from soil 
fertilized with anhydrous ammonia, ten 6 x 10 m experimental plots were 
established with 3-m borders between plots in a 23-42 m area. Two 
randomly selected plots were fertilized with anhydrous ammonia (180 kg N 
ha~^) or with anhydrous ammonia (180 kg N ha~^) containing nitrapyrin 
(0.56 kg ha"l) during the fall of 1979 (9 October) and the spring of 
1980 (15 April). Two plots were left unfertilized, and emissions of N2O 
from six sites on each of the fertilized and unfertilized plots were 
monitored until 25 September 1980. The sites monitored on the ferti­
lized plots were located by placing markers in the soil directly above 
the fertilizer bands. The applications of anhydrous ammonia and of 
anhydrous ammonia containing nitrapyrin were performed by means of a 
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tractor-drawn applicator developed by Dow Chemical Company for accurate 
mixing of nitrapyrin with anhydrous ammonia before injection of this 
fertilizer into soil. This applicator was adjusted so that it injected 
anhydrous ammonia with or without nitrapyrin in six bands 76 cm apart at 
a depth of approximately 20 cm. The nitrapyrin used was the commercial 
formulation (N-Serve 24) supplied by Dow Chemical Company for addition 
to anhydrous ammonia. 
Rates of N2O emission from the experimental plots were measured by 
a chamber technique involving placement of an insulated metal chamber 
over the soil surface for 10 minutes and removal of air samples from the 
chamber at intervals for N2O analysis (Matthias et al., 1980). A square 
chamber with edge dimensions equal to the distance between the ferti­
lizer bands (76 cm) was substituted for the cylindrical chamber 
described by Matthias et al. (1980), and it was placed on the soil 
surface above the fertilizer band with it# sides parallel to this band. 
Measurements of N2O emission rates were performed at 3- to 7-day inter­
vals during the fall, spring, and summer months and at 15- to 21-day 
intervals during the winter months. The order in which the plots were 
sampled was randomized on each sampling date, and the sample program was 
designed so that fertilized and unfertilized plots were sampled at 
approximately the same time (usually between 0900 and 1200 hr) on these 
dates. The total amount of N2O-N evolved from each plot in a given time 
period was calculated from the area of the polygon obtained by plotting 
the N2O emission rates observed at various times during this period. 
Twelve sampling sites (2 plots x 6 sites per plot) were established 
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for each treatment to minimize the errors due to spatial variability in 
emission of N2O from soils (Blackmer et al., 1982) and those resulting 
from the variability in fertilizer application associated with the use 
of tractor-drawn applicators of anhydrous ammonia (Moraghan, 1980). 
During the spring of 1980, the experimental area became covered by 
giant foxtail (Setarla faberil). This cover was controlled by applying 
a herbicide (Roundup) on 30 May 1980 and by mowing at approximately 2-
week intervals after that time. 
Soil temperature and moisture content were monitored during the 
study period. Soil temperature was measured at a depth of 5 cm below 
the soil surface by a mercury thermometer. Soil moisture content was 
determined by gravimetric determination of weight loss when soil samples 
collected 0-2.5 cm and 8-12 cm below the soil surface were dried at 
105°C for 24 hours. It is expressed as a percentage of oven-dry soil. 
Exchangeable ammonium and nitrate in soil samples collected at intervals 
from fertilized and unfertilized plots were determined as described by 
Breraner and Keeney (1966), 
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RESULTS AND DISCUSSION 
Table 6 shows that the amount of N2O evolved from soil fertilized 
with anhydrous ammonia (180 kg N ha~^) in the fall of 1979 was markedly 
reduced by addition of nitrapyrin at the rate of 0.56 kg ha~^. The 
emissions of N2O-N observed in 355 days were 3.62 kg ha~^ for the plots 
treated with anhydrous ammonia, 1.74 kg ha~^ for the plots treated with 
anhydrous ammonia containing nitrapyrin, and 0.62 kg ha~^ for the unfer­
tilized plots. Calculations from the data in Table 6 show that the 
addition of nitrapyrin to anhydrous ammonia applied in the fall of 1979 
Table 6. Effect of nitrapyrin on N2O emission induced by fall 
application of anhydrous ammonia 
Amount of N2O-N evolved after treatment (kg ha 
Soil In 48 In 132 In 167 In 216 In 264 In 355 
treatment^ days days days days days^ days 
AA 0.09 0.10 1.55 2.43 3.36(1.66) 3.62(1.67) 
AA + NP 0.06 0.07 1.04 1.29 1.50(0.62) 1.74(0.62) 
None 0.06 0.07 0.16 0.24 0.38 0.62 
^AA, anhydrous ammonia (180 kg N ha~^); NP, nitrapyrin (0.56 kg 
ha~ ). Treatments were performed on 9 October 1979. 
figures in parentheses indicate the fertilizer-induced emission of 
N2O-N calculated as a percentage of the N applied. These values were 
calculated as [(amount of NoO-N evolved from fertilized soil-amount 
evolved from unfertilized soxl)/amount of fertilizer N added] x 100. 
Figure 3. Results of measurements performed during the period 8 October 
1979 to 25 September 1980 in field study of effect of nitra-
pyrin on emission of N2O induced by fall application of 
anhydrous ammonia. Anhydrous amm,onia (180 kg N ha~^) with or 
without nitrapyrin (0.56 kg ha~ ) was applied on 9 October 
1979. Each N2O emission rate reported represents the mean 
rate for 12 replicated sites. 
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led to a 63% reduction in the emission of N2O induced by application of 
this fertilizer. 
Figure 3 shows that the N2O emission induced by application of 
anhydrous aminonia in the fall of 1979 occurred almost entirely during 
the spring and early summer of 1980. Very little N2O was evolved in the 
132 days following application of this fertilizer, and calculations from 
the data in Table 6 show that the fertilizer-induced emission of N2O 
observed during this period accounted for less than 1% of that observed 
in 355 days after fertilizer application. The thawing of the soil in 
the spring of 1980 was accompanied by a marked Increase in the rate of 
emission of N2O from the fertilized plots, and very high rates of N2O 
emission from these plots were observed on 18 March (Fig. 3). Calcula­
tions from the data in Table 6 show that 43% of the total emission of 
N2O induced by the 1979 fall application of anhydrous ammonia and 87% of 
that induced by the 1979 fall application of anhydrous ammonia contain­
ing nitrapyrin occurred in the 35 days following the initial thawing of 
the soil on 18 February 1980. It is noteworthy that, although fertili­
zation with anhydrous ammonia in the fall had a very marked effect on 
the rate of N2O emission from the soil studied during the spring and 
early summer of 1980, the emissions of N2O from fertilized and unferti­
lized plots were not significantly different after 3 July 1980. 
Table 7 shows that the amount of N2O evolved from soil fertilized 
with anhydrous ammonia in the spring of 1980 was greatly reduced by 
addition of nitrapyrin at the rate of 0.56 kg ha~^. The emissions of 
N2O-N observed in 167 days were 1.37 kg ha~^ for the plots treated with 
50 
Table 7. Effect of nitrapyrin on N2O emission induced by spring 
application of anhydrous ammonia 
Amount of N2O-N evolved after treatment (kg ha~^) 
Soil In 14 In 45 In 62 In 87 In 106 In 167 
treatment^ days days days days days^ days^ 
AA 0.01 0.17 0.60 1.01 1.28(0.52) 1.37(0.52) 
AA + NP 0.01 0.07 0.19 0.35 0.46(0.07) 0.55(0.07) 
None 0.02 0.06 0.15 0.25 0.34 0.43 
®AA, anhydrous ammonia (180 kg N ha~^); NP, nitrapyrin (0.56 kg 
ha"l). Treatments were performed on 15 April 1980. 
^Figures in parentheses indicate the fertilizer-induced emission of 
N2O-N calculated as a percentage of the N applied. These values were 
calculated as [(amount of NoO-N evolved from fertilized soil-amount 
evolved from unfertilized soil)/amount of fertilizer N added] x 100. 
anhydrous ammonia, 0.55 kg ha~^ for the plots treated with anhydrous 
ammonia containing nitrapyrin, and 0.43 kg ha~^ for the unfertilized 
plots. Calculations from the data in Table 7 show that the addition of 
nitrapyrin to anhydrous ammonia applied in the spring of 1980 led to an 
87% reduction in the emission of N2O induced by application of this 
fertilizer. 
Comparison of the data reported in Tables 6 and 7 shows that the 
N2O emissions induced by application of anhydrous ammonia in the fall of 
1979 markedly exceeded those induced by application of this fertilizer 
in the spring of 1980. This may have been due to the unusually low 
Figure 4. Results of measurements performed during the period 14 April 
to 25 September 1980 in field study of effect of nitrapyrin 
on emission of N2O induced by spring application of anhydrous 
ammonia. Anhydrous ammonia (180 kg N ha~^) with or without 
nitrapyrin (0.56 kg ha" ) was applied on 15 April 1980. Each 
N2O emission rate reported represents the mean rate for 12 
replicated sites. 
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rainfall during the spring and summer of 1980. No precipitation oc­
curred for 28 days following application of anhydrous ammonia on 15 
April, and the soil was exceptionally dry during most of the spring and 
summer of 1980. The unusually dry conditions during this period are 
reflected by the data in Fig. 4 showing that the moisture contents of 
subsurface (8-12 cm) soil samples were appreciably lower than those of 
surface (0-2.5 cm) samples. Several investigations have shown that very 
little N2O is evolved from soils at low moisture contents and that N2O 
emissions from such soils increase when their moisture contents are 
increased (see Blackmer et al., 1980; Bremner and Blackmer, 1980). 
Figure 4 shows that the highest rates of N2O emission from the plots 
fertilized with anhydrous ammonia in the spring of 1980 were observed on 
3 June following a period of rainfall, and calculations from the data in 
Table 7 show that 88% of the N2O emission induced by spring application 
of anhydrous ammonia and 92% of that induced by spring application of 
anhydrous ammonia containing nitrapyrin occurred between 45 and 106 days 
after these applications. 
Analyses of soil samples collected at intervals during the spring 
and summer of 1980 showed that nitrapyrin retarded, but did not stop, 
oxidation of ammonium to nitrate in the plots fertilized with anhydrous 
ammonia containing nitrapyrin. For example, analyses of samples col­
lected on 30 May and 30 June showed that the plots fertilized with 
anhydrous ammonia contained considerably less ammonium than the plots 
fertilized with anhydrous ammonia containing nitrapyrin, whereas anal­
yses performed on soil samples collected on 28 July and 26 August showed 
54 
that the ammonium contents of these plots were practically identical and 
were not significantly higher than the ammonium contents of the unferti­
lized plots. 
Figures 3 and 4 show that a very marked but short-lived burst in 
emission of N2O was detected during the first week of June 1980. This 
burst may have resulted from the application of herbicide on 30 May 1980 
to control the growth of foxtail in the experimental area, because 
similar bursts in N2O emission have been observed shortly after applica­
tion of herbicides in other field studies of the effects of N fertili­
zers on N2O emissions from Iowa soils. 
As noted in Fig. 3 and Fig. 4, all N2O emission rates reported 
represent the mean rate for 12 replicated sites. Analysis of variance 
showed that N2O emissions from the plots fertilized with anhydrous 
ammonia in the fall of 1979 or the spring of 1980 were significantly 
higher (P < 0.05) than those from the plots fertilized at the same time 
with anhydrous ammonia containing nitrapyrin. This analysis also showed 
that N2O emissions from the plots fertilized with anhydrous ammonia in 
the fall of 1979 were significantly higher (P < 0.05) than those from 
plots receiving this fertilizer in the spring of 1980. 
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SUMMARY 
Field studies using a chamber technique to measure emissions of N2O 
from soil showed that the N2O emissions induced by fertilization of soil 
with anhydrous ammonia (180 kg N ha~^) were markedly reduced by addition 
of nitrapyrin [2-chloro-6-(trichloromethyl)-pyridine] to this fertili­
zer, The emission of N2O induced by application of anhydrous ammonia in 
the fall was reduced 63% by addition of nitrapyrin at the rate of 0.56 
kg ha"l. The corresponding reduction when nitrapyrin was added to anhy­
drous ammonia applied in the spring was 87%, These observations indi­
cate that nitrapyrin has potential value for reduction of the N2O emis­
sions induced by N fertilization of soils and the possible adverse 
effects of these emissions on our climate. 
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GENERAL SUMMARY 
There is concern that nitrogen (N) fertilization of soils may lead 
to a significant increase in the tropospheric concentration of nitrous 
oxide (N2O) and thereby cause partial destruction of the stratospheric 
ozone layer and add to the greenhouse effect expected to result from the 
continuing increase in the atmospheric concentration of carbon dioxide 
(Council of Agricultural Science and Technology, 1976; Yung et al., 
1976; Crutzen and Ehhalt, 1977; Liu et al., 1977; McElroy et al., 1977; 
National Research Council, 1978). This concern has stimulated research 
to assess the effects of different N fertilizers on emission of N2O from 
soils to the atmosphere, and recent work has shown that the N2O emis­
sions induced by fertilization of soils with anhydrous ammonia markedly 
exceed those induced by application of other N fertilizers (Breitenbeck 
et al., 1980; Bremner et al., 1981). This finding and the fact that 
anhydrous ammonia is used extensively for nitrogen fertilization of 
soils indicate that the effects of anhydrous ammonia on emissions of N2O 
from soil merit special attention in research to assess the impact of N 
fertilization of soils on the atmospheric concentration of N2O. 
Field studies of the effects of different N fertilizers on emission 
of N2O from three Iowa soils showed that the N2O emissions induced by 
application of 180 kg ha~^ of fertilizer N as anhydrous ammonia greatly 
exceeded those induced by application of the same amount of fertilizer N 
as aqueous ammonia or urea. On the average, the emission of N2O-N 
induced by anhydrous ammonia was more than 13 times that induced by 
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aqueous ammonia or urea and represented 1.2% of the anhydrous ammonia N 
applied. Experiments with one soil showed that the N2O emission induced 
by anhydrous ammonia was more than 17 times that induced by the same 
amount of N as calcium nitrate. These observations confirm indications 
from previous work that anhydrous ammonia has a much greater effect on 
emission of N2O from soils than do other commonly used fertilizers. 
Laboratory studies of the effect of different amounts of NH^OH on 
emission of N2O from Webster soil showed that the emission of N2O-N 
induced by addition of 100 mg NH^OH-N kg~^ represented only 0.18% of the 
N applied, whereas the emissions induced by additions of 500 and 1000 mg 
NH^OH-N kg"l represented 1.15% and 1.19%, respectively, of the N ap­
plied. This suggests that the exceptionally large emissions of N2O 
induced by anhydrous ammonia fertilization are due, at least in part, to 
the fact that the customary method of applying this fertilizer by injec­
tion into soil produces highly alkaline soil zones of high ammonium-N 
concentration. 
Field studies to determine the effect of different rates of ferti­
lization on emission of N2O from a fallow soil fertilized with anhydrous 
ammonia showed that the fertilizer-induced emission of N2O-N in 116 days 
increased from 1.22 to 4.09 kg N2O-N ha~^ as the rate of anhydrous 
ammonia application increased from 75 to 450 kg N ha"^ and that a 100% 
increase in the rate of anhydrous ammonia application led to a 60% 
increase in the fertilizer-induced emission of N2O from fertilized soil. 
When expressed as a percentage of the N applied, the fertilizer-induced 
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emission of N2O-N decreased from 1.6% to 0.9% as the rate of fertilizer 
application increased from 75 to 450 kg N ha~^. 
Field studies to determine the effect of depth of anhydrous ammonia 
application on emission of N2O from a fallow soil showed that the emis­
sion of N2O induced in 156 days by injection of 112 kg anhydrous ammonia 
N ha"l at a depth of 30 cm was 107% and 21% greater than the emissions 
induced by injection of the same amount of anhydrous ammonia at depths 
of 10 and 20 cm, respectively. The effect of depth of anhydrous ammonia 
application on N2O emission was not as marked when anhydrous ammonia was 
applied at a rate of 225 kg N ha~^. 
Field studies showed that the N2O emissions induced by fertiliza­
tion of soil with anhydrous ammonia (180 kg N ha~^) were markedly re­
duced by addition of nitrapyrin [2-chloro-6-(trichloromethyl)-pyridine], 
a nitrification inhibitor marketed under the trademark N-Serve. The 
emission of N2O induced by application of anhydrous ammonia in the fall 
was reduced 63% by addition of nitrapyrin at the rate of 0.56 kg ha~^. 
The corresponding reduction when nitrapyrin was added to anhydrous 
ammonia applied in the spring was 87%. These observations indicate that 
nitrapyrin has potential value for reduction of the N2O emissions in­
duced by N fertilization of soils and the possible adverse effects of 
these emissions on our climate. 
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